Little is known about the interactions between dietary calcium intake and bone strength parameters in populations or areas with low calcium intake.
intake is an important factor related to the latter (3). Calcium is an essential nutrient for skeletal health, and the relationship between calcium intake and bone density or bone strength has been analyzed widely (4, 5) . It has been well documented that maintaining adequate calcium intake is essential for adequate accrual of bone mass during childhood and adolescence (6) . Several studies have also proven the beneficial effects of calcium on bone strength in the decades after the achievement of peak bone mass. For example, low dietary calcium intake is associated with low bone density, and calcium supplementation can attenuate age-related bone loss (4, 7) . Therefore, calcium supplementation is generally recommended for people who might be at risk of inadequate dietary calcium intake or osteoporosis, regardless of age, particularly to prevent deterioration in bone strength in postmenopausal women (8) . However, there have been inconsistent data about the effects of calcium supplementation on bone health, and several studies have failed to show the efficacy of calcium supplementation in preventing osteoporotic fractures (5, 9) .
Vitamin D is another essential component for bone health (10) . In addition to adequate calcium intake, maintaining an optimal vitamin D level is necessary for preventing bone loss (11) . Vitamin D has been reported as an important factor in the relationship between calcium and PTH and may alter the compensatory response of PTH to hypocalcemia (12) . On the other hand, detrimental effects of calcium supplementation have been suggested recently based on data from large epidemiological studies reporting the acceleration of vascular calcification (13, 14) . Thus, there remain uncertainties as to whether increasing the calcium intake is beneficial or harmful for adults.
The mean dietary calcium intake is low in Korea (300 -500 mg/d) and in Japan (400 -500 mg/d) (15, 16) . These values are much lower than those reported in Western populations (1100 -1300 mg/d) (12) . The dose interaction between nutrients and related health events may differ according to baseline dietary habits and/or ethnicity (17) . However, most studies that investigated the effects of dietary calcium on skeletal health have been conducted in Western populations, and the evidence is lacking in Asian populations, which have lower intakes of dairy food and dietary calcium compared with Western populations (18 -20) .
The aim of the present study was to investigate the relationships between dietary calcium level and BMD or bone geometry in Korea, an area with low dietary calcium intake, using the data from a large nationwide survey. We also examined whether these relationships differ by gender or skeletal sites and investigated whether vitamin D status affects the relationship between dietary calcium intake and BMD.
Subjects and Methods

Study participants and data collection
The present study was performing using the data from the Korea National Health and Nutrition Examination Survey (KNHANES). The KNHANES is a nationwide, populationbased, cross-sectional study in Korea designed to evaluate the health and nutritional status of Korean population. The division of Health and Nutrition Survey under the Korea Centers for Disease Control and Prevention administers this survey, and it has been conducted periodically since 1998 and annually since 2008. A stratified, multistage probability sampling design was used to select household units, and the civilian, noninstitutionalized population of Korea was included for the survey. A detailed description of the survey has been published elsewhere (21) . Data were collected through health interviews, physical examinations, and medical tests. Data were acquired for this study from the results of KNHANES 2008 -2010. Subjects with renal insufficiency (serum creatinine concentration Ͼ1.4 mg/ dL), which is known to alter calcium and bone metabolism, were excluded from the analysis. The subjects who used antiresorptive agents such as raloxifene, bisphosphonate, or hormone replacement therapy were also excluded. Daily calcium intake was recorded for all subjects included in the study aged 20 years and older, but further analyses related to the association between dietary calcium intake and BMD or bone geometry were restricted to the subjects older than 50 years. 
BMD and hip structural analysis
BMD of the lumbar spine (L 1 -L 4 ) and femur were measured using dual X-ray absorptiometry (QDR 4500A; Hologic Inc) equipment located in mobile examination centers according to the manufacturer's protocol. All men and nonpregnant women aged 20 years and older who received a physical examination in the mobile centers were eligible for bone densitometry analysis unless they had previously fractured both hips. The left hip was scanned routinely; in the case of a left hip fracture or device, the right hip was scanned. Femoral geometric properties were then evaluated further only for subjects examined in 2008 -2009 using the Hip Structural Analysis (HSA) program included in the APEX software from Hologic Inc, as described previously (22) . The HSA program automatically set the region of interest, defined as the narrow neck, traversing the narrowest width of the femoral neck. The HSA program yielded data for cross-sectional area (CSA; square centimeters), cross-sectional moment of inertia (CSMI; quadruple centimeters), mean cortical thickness (centimeters), and buckling ratio at the narrow neck. The dual X-ray absorptiometry calibrations were applied as described previously (23 
Biochemical parameters
Blood samples were collected from each participant after an 8-hour fast and were immediately transported to the Central Testing Institute in Seoul, Korea. Biochemical measurements, including the fasting plasma glucose (FPG), total cholesterol, and high-density lipoprotein cholesterol concentrations, were assessed using enzymatic assays on an automated analyzer (Hitachi Automatic Analyzer 7600; Hitachi). The low-density lipoprotein cholesterol level was calculated by the Friedewald equation (25) . 
Data analysis
Differences in dietary calcium intake, BMD, and femur geometry were identified by analysis of covariance (ANCOVA) after adjusting for age and body mass index (BMI) and are expressed as estimated marginal means and SEM. Serum 25(OH)D concentration was stratified as follows: deficient, less than 20 ng/mL; insufficient, 20 ng/mL or greater, and less than 30 ng/mL; and sufficient, 30 ng/mL or greater. An ANCOVA with the covariates of age and BMI was used to assess whether the 25(OH)D level was related to BMD in each dietary calcium group. Significance was set at P Ͻ .05, and the Bonferroni correction was applied for multiple comparisons. All statistical analyses were performed using the Statistical Package for the Social Sciences software (version 18, IBM SPSS Statistics; IBM Corp). Figure 1 shows the mean and distribution of daily dietary calcium intake in each decade from the age of 20 years. The average intake increased steadily from the youngest group to the group aged 50 -59 years and then decreased gradually until the age of 80 years or older. The mean dietary calcium intake was 490 mg/d and lower than 800 mg/d for most age groups in both men and women ( Figure 1A ) older than 20 years. A daily dietary calcium intake of less than 400 mg/d was found in 37.5%-65.5% of men and in 47.5%-76.9% of women in all age groups. The highest rates of low calcium intake were observed in the oldest groups of both men and women. Almost 80% of men and 90% of women had a calcium intake of less than 800 mg/d in all age groups, and only 4.9%-16.7% of men and 5.3%-8.7% of women had a calcium intake of 800 -1199 mg/d. Consequently, only fewer than 5.0% of men and women had a calcium intake of 1200 mg/d or greater in each age group.
Results
Daily calcium intake
Baseline characteristics according to dietary calcium intake
A total of 3448 men and 3812 women older than 50 years were included in further analyses of the associations between dietary calcium intake and BMD or bone geometry. The baseline characteristics of the men and women older than 50 years are presented in Table 1 . After adjusting for age and BMI, the baseline serum and clinical parameters including systolic and diastolic blood pressure, lipid profile, and FPG and 25(OH)D concentrations in both men and women and PTH concentration in women did not differ between dietary calcium intake groups. Only PTH concentration in men differed significantly between calcium intake groups (P Ͻ .001).
BMD and femoral bone geometry according to dietary calcium intake
To examine the independent dose-response relationship between BMD or femur geometry and daily calcium intake, ANCOVA models were constructed with age and BMI added as covariates. In men, significant interactions were observed between dietary calcium intake and BMD at all sites. Lumbar spine BMD was significantly lower only in the very low calcium intake group (Ͻ400 mg/d) than in other calcium intake groups ( Figure 2A ). In men, femur neck and total hip BMD increased linearly with calcium intake from the low to moderate calcium intake groups (Ͻ1200 mg/d) but did not increase further in the highest calcium intake group (Ն1200 mg/d) ( Figure 2A ). In women, significant interactions between dietary calcium and BMD were observed in the lumbar spine and femoral neck. However, only the very low calcium intake group had significantly lower BMD at both sites, and no significant interaction was observed between total hip BMD and calcium intake ( Figure 2B ). A significant interaction between dietary calcium intake and femoral bone geometry was observed only in men. The lowest dietary calcium group (Ͻ400 mg/d) had significantly lower cortical thickness, CSA, and CSMI and significantly higher buckling ratio compared with the other three dietary calcium intake groups ( Figure 2C ). However, no significant interactions were observed between dietary calcium and these femoral bone geometric parameters in women ( Figure 2D ).
Differences in BMD and geometric indices between dietary calcium intake groups were also evaluated after classifying the participants according to vitamin D level. In men, significant positive relationships between dietary calcium intake and BMD of the lumbar spine, femoral neck, and total hip were observed in both groups with 25(OH)D levels less than 20 ng/mL and 20 -30 ng/mL. However, there was no significant relationship between calcium intake and BMD of the lumbar spine and total hip in the group with the highest 25(OH)D level of 30 ng/mL or greater ( Figure 3A) . In women, a significant positive relationship was observed for all three skeletal sites only in the group with 25(OH)D less than 20 ng/mL ( Figure 3B ).
The cortical thickness and buckling ratio differed significantly between some calcium intake groups, but there was no significant overall relationship between calcium intake and vitamin D level in the three vitamin D groups ( Figure  3 , C and D). CSA and CSMI showed similar results for cortical thickness in both men and women (data not shown).
Relationship between T-scores and PTH concentration and dietary calcium intake
The relationships between the T-score for each skeletal site in men and women are shown in Figure 4 . The T-scores in each skeletal site were positively related to dietary calcium intake only for those with an intake of less than 800 mg/d. However, these positive trends were more apparent in the range of dietary calcium intake less than 400 mg/d and smaller in the range of 400 -799 mg/d. By contrast, T-scores at each skeletal site showed a constant level for those with calcium intake of 800 mg/d or greater ( Figure  4 , A-C). These patterns were similar in both men and women. In the associations between dietary calcium intake and PTH, a negative association started from the level of 800 mg/d in men but from the level of less than 400 mg/d in women ( Figure 4D ).
Discussion
The mean daily dietary calcium intake was lower in this study than that reported for other ethnic groups and did not achieve the Korea dietary reference Intakes, and it became intensified with advancing years (14, 26, 27) . Adequate calcium intake is important for bone health, and very low intake could result in reduced BMD and in- tapraid4/zeg-jcem/zeg-jcem/zeg99914/zeg0820-14z xppws S‫5؍‬ 4/9/14 8:20 Art: 14-1006 Input-ss creased risk of osteoporosis, but the associations between dietary calcium intake and BMD were not consistently linear in this study. Moreover, the interactions between dietary calcium intake and BMD or bone geometry seemed to differ between men and women and between skeletal sites. The associations were stronger in men than in women and in the femur than in other sites. Moreover, vitamin D status seemed to alter the negative relationships tapraid4/zeg-jcem/zeg-jcem/zeg99914/zeg0820-14z xppws S‫5؍‬ 4/9/14 8:20 Art: 14-1006 Input-ss 6 Min Kim et al Interaction Between Calcium Dose and BMD J Clin Endocrinol Metab between dietary calcium intake and BMD, and the deleterious effects of a low-calcium diet seemed to be compensated by a sufficient vitamin D level. Calcium plays an essential role in bone health across all ages, so calcium intake is emphasized because an insufficient intake negatively affects bone metabolism (28) . Asian populations tend to have low calcium intake (19, 20) . In the present study, the mean dietary calcium intake was 490 mg/d in subjects older than 20 years and 470 mg/d in those older than 50 years. However, little is known about the relationship between calcium intake and bone metabolism in areas with low dietary calcium intake. In the present study, only the group with very low dietary calcium intake (Ͻ400 mg/d) had significantly lower lumbar BMD compared with the other dietary groups in both men and women, whereas calcium intake was linearly related to the femoral neck and total hip BMD in men in the low to moderate calcium intake groups. However, geometrical deterioration from the low calcium intake was observed only in the men with very low calcium intake.
A recent study from Japan, a low dietary calcium intake area, reported that low-dose calcium supplementation (500 mg elementary calcium per day) was effective in preventing postmenopausal bone loss in the lumbar spine but not in the femur (20) . In another study, with a mainly Caucasian study population, low-dose calcium supplementation (500 mg elementary calcium per day) showed beneficial effects on bone only in those with a low calcium intake but not in those with a higher calcium intake (29) .
In a longitudinal study of a population with modest dietary calcium intake, Warensjo et al (30) reported that only the lowest quintile of calcium intake was associated with increased risk of fracture or osteoporosis. These studies suggest that the habitual or baseline dietary calcium intake can affect the relationship between calcium intake and bone health. There might be a threshold of adequate calcium intake to produce preventive effects on BMD, which might be lower in populations with a low dietary calcium intake compared with areas with moderate to high dietary intake. Moreover, calcium balance is known to be largely dependent on body size (31) . The median mass of study participants was about 66 kg for men and 57 kg for women, and these values are lower than those of Caucasian populations. Therefore, the body weight dependency of the calcium requirement could partly explain these observed differences in the threshold of an adequate calcium intake between the ethnic groups. In our study, the negative association between dietary calcium intake and T-score was observed only for intake of less than 1000 mg/d in both men and women.
We observed a significant dose trend between dietary calcium intake and BMD related to hip in men but not to lumbar in men and women. In one study, a supplemental calcium dose that elicited a protective effect against loss of BMD in the lumbar spine failed to show a beneficial effect in the femur (20) . In two other studies in an Asian population, low-dose calcium supplementation had a positive effect on BMD only in the lumbar spine, but a much higher dose also showed protective effects on hip BMD (19, 20) . These findings correspond with previous data reporting that the effects of altering calcium metabolism are greater in cortical bone than in trabecular bone (32, 33) . Conceivably, the threshold of low calcium intake associated with unfavorable effects might be higher for the femur than that for the lumbar spine, and a higher calcium intake might be needed to prevent deterioration of the hip than of the spine. Moreover, positive dose trends between calcium and BMD or geometry were more obviously observed in men than those in women. In other previous reports, supplemental calcium showed a protective effect of hip fractures only in men, not in women (34) . That is, calcium tapraid4/zeg-jcem/zeg-jcem/zeg99914/zeg0820-14z xppws S‫5؍‬ 4/9/14 8: The main pathogenesis of the deleterious effects of low dietary calcium intake on BMD occurs through the elevation of the PTH level, which accelerates bone resorption to maintain optimal serum calcium concentration (21) . A sufficient vitamin D level might prevent or lessen the effect of low calcium intake on increasing PTH concentration (12) . This is consistent with the observation that the relationship between dietary calcium intake and BMD was not significant in the vitamin D-sufficient group. These data suggest that a higher calcium intake may not be necessary for maintaining calcium metabolism related to bone as long as an optimal vitamin D level is achieved.
Our study has several strengths. First, we used data from the KNHANES 2008 -2010, a large, representative, nationwide survey that includes subjects selected by a stratified, multistage probability sampling design. Second, we assessed bone quality with the geometric index as well as conventional BMD. Our study also has some limitations. First, this was a cross-sectional study, and prospective studies on the relationship between dietary calcium intake and bone are needed to determine whether these associations are causal. Second, the KNHANES data included self-reported dietary intake; however, a more accurate method is impractical for such a large study. Third, information about nondietary calcium intake, including supplements, was not assessed. However, the rate and dose of calcium supplementation is not high in older Koreans (36) , and it is likely that the dietary calcium intake in these data reflect the total calcium intake of the participants.
In conclusion, this study suggests that calcium is an essential nutrient for preventing deteriorative changes in bone BMD and geometry associated with aging, particularly in the femur of older men. However, the relationships between dietary calcium and bone strength parameters were not consistently linear, suggesting that lower-dose calcium supplementation may be effective in preventing pathological bone loss and related fractures in populations with low calcium intake. Furthermore, vitamin D status may affect the relationship between dietary calcium intake and BMD, and the relationship between dietary calcium intake and BMD may not be significant in those with a sufficient or high vitamin D level. Habitual dietary intake seems to be important to the biological roles of each nutrient, and a prospective, longitudinal study is needed to determine the sufficient daily calcium intake and to clarify the relationship between dietary calcium intake on skeletal health particularly in Asian populations.
